The methylotrophic yeast Pichia pastoris (syn. Komagataella spp.) is one of the most important production systems for heterologous proteins. After the first genome sequences were published in 2009, tremendous effort was made to establish systems-level analytical methods. Methylotrophic lifestyle was one of the most thoroughly investigated topics, studied at the levels of transcriptome, proteome and metabolic flux. Also the responses of P. pastoris to environmental stress conditions experienced during high cell density production processes were studied. Metabolomics and flux analysis revealed the plasticity of the cellular metabolism in its adaption to the production of foreign proteins and served as blueprints for subsequent cell engineering and/or process design. The transcriptional response elicited by overexpression of heterologous proteins seems to depend on the nature and complexity of the recombinant product. Based on these data, novel targets for strain engineering could be deduced from transcriptomics and proteomics data mining and effectively enhanced protein secretion. Transcriptional regulation data also served as a valuable resource to identify novel promoters with the desired regulatory characteristics. This review aims to provide a comprehensive overview of systems biology applications in P. pastoris ranging from increased understanding of cell physiology to improving recombinant protein production in this cell factory.
INTRODUCTION
The methylotrophic yeast Pichia pastoris was first isolated from a chestnut tree in France and described as Zygosaccharomyces pastori by Alexandre Guilliermond (Guilliermond 1920) . In the 1950s, Herman Phaff isolated further strains from black oak trees in California, USA, and renamed the species as Pichia pastoris (Phaff, Miller and Shifrine 1956) . In 1995, the P. pastoris strains were moved to a new genus, Komagataella (Yamada et al. 1995) , and later separated into two species (Kurtzman 2005) : Komagataella pastoris (including the French type strain) and K. phaffii (including the American isolates). Today, the genus Komagataella consists of six species (Naumov et al. 2013) . Both K. pastoris and K. phaffii strains are in use for recombinant protein production under the name P. pastoris. For ease of understanding and for consistency with the literature, we refer here to all strains as P. pastoris.
As a methylotrophic yeast, P. pastoris is able to grow on methanol as the sole carbon and energy source. The extraordinarily high and methanol-inducible expression level of methanol utilization-related genes, namely the alcohol oxidase gene AOX1, was utilized to develop an efficient protein production system (Cregg et al. 1985) and has proven valuable for a growing list of therapeutic proteins and industrial enzymes (Weinacker et al. 2013; Spadiut et al. 2014) . The advantages of P. pastoris mainly relate to a high secretory capacity (Puxbaum, Mattanovich and Gasser 2015) and the strong methanol inducible promoters (Weinhandl et al. 2014; Gasser, Steiger and Mattanovich 2015) . Growth on methanol, however, adds technological challenges for industrial-scale production, such as high oxygen demand, high heat production and the demand for safety precautions for the use of a flammable substrate (Mattanovich et al. 2014) . To circumvent the disadvantages of using methanol, variants of the AOX1 promoter were developed which are active without the addition of methanol (Hartner et al. 2008; Shen et al. 2016; Looser et al. 2017; Wang et al. 2017 ). Alternatively, co-feeding of methanol with glycerol or sorbitol reduces both biological heat production and oxygen demand (Niu et al. 2013; Berrios et al. 2017) . To avoid the use of methanol completely, constitutive promoters can be applied (Vogl et al. 2014a; Weinhandl et al. 2014) , and methanol independent regulated promoters were identified Landes et al. 2016) .
Besides strong promoters, the high efficiency of protein production by P. pastoris is attributed to an efficient secretory pathway. On a genomic level, the core secretory pathway functions are rather conserved among yeasts (Delic et al. 2013b) , while Papanikou and Glick (2009) described distinct morphological differences between the Golgi apparatus of P. pastoris and Saccharomyces cerevisiae. These morphological differences may be a reason why P. pastoris generally secretes heterologous proteins more efficiently.
Systems biotechnology has been defined as the integration of high-throughput genome-scale data of biotechnologically relevant strains with in silico modeling and simulation to facilitate strain development for efficient industrial production (Lee, Lee and Kim 2005) . Among others, this approach is applied for the optimization of yeast cells for heterologous protein production Gutierrez and Lewis 2015) . Here, we discuss the developments and the current state of the art of systems biotechnology of P. pastoris to study and enhance heterologous protein production. Figure 1 depicts a timeline, which highlights major milestones in the history of P. pastoris systems biology.
SYSTEMS BIOLOGY ANALYSIS OF PICHIA PASTORIS

Genomics
Genomic information is a prerequisite for genome-wide systems-level analysis. Since the first genome sequences of different P. pastoris strains were published in 2009 (Komagataella pastoris type strain DSMZ70382 and K. phaffii strain GS115) (De Schutter et al. 2009; Mattanovich et al. 2009) , they have been a valuable resource to investigate the genetic repertoire of the methylotrophic yeast. Important cellular functions that are different to the model yeast S. cerevisiae were found, such as the presence of mitochondrial complex I (Bridges, Fearnley and Hirst 2010) , specific enzymes of sphingolipid biosynthesis and fatty acid metabolism (Ternes et al. 2011; Yu et al. 2012; Tomas-Gamisans, Ferrer and Albiol 2016) or the pathway needed for rhamnose utilization (Prielhofer et al. 2015; Liu et al. 2013) . Genes encoding isoenzymes of core metabolic enzymes with an alternative localization to the peroxisomes were found to be located adjacent to their cytosolic or mitochondrial isoforms, indicating tandem gene duplication and positive evolutionary selection for their newly acquired function in methanol utilization (Russmayer et al. 2015a) . Furthermore, for some proteins involved in amino acid metabolism different cellular localizations compared to S. cerevisiae were predicted and confirmed (Forster et al. 2014) . Also, the genomic setup of the mating type locus was elucidated (Hanson, Byrne and Wolfe 2014) . Detailed analysis of the gene predictions also determined the endowment of the secretory pathway with chaperones and folding-associated enzymes (Delic et al. 2013b) . In combination with other genome-scale high-throughput techniques, such as nucleosome mapping and ChIP-seq, the genomic information was also used to identify a novel type of G/C-rich autonomous replicating sequences (Liachko et al. 2014) and it revealed that P. pastoris contains inverted repeat-structured centromer sequences (Coughlan et al. 2016; Sturmberger et al. 2016) . In 2016, the genome sequences of the two previously sequenced strains and K. phaffii CBS7435 (the parental strain of GS115) were refined by using PacBio sequencing (Love et al. 2016; Sturmberger et al. 2016) , and comparative genomics were performed, which revealed syntenic rearrangements between the species and 35 single nucleotide polymorphisms between GS115 and CBS7435 (Love et al. 2016) . Furthermore, the gene predictions and their functional annotations were manually curated and are available through pichiagenome.org (Valli et al. 2016) . Schwarzhans et al. (2016a) analyzed the genomic sequences of 31 individual recombinant P. pastoris transformants expressing different levels of green fluorescent protein and found that productivity correlated with the head-to-tail orientation of cassette integration, while low productivity strains with sometimes peculiar colony morphology were found to occur due to non-canonical integration events of the expression cassette or other vector-derived sequences (Schwarzhans et al. 2016b ).
Transcriptomics
Transcription is the first possible level of regulation in a biological system concerning the flow of information in the central dogma of molecular biology. Understanding what is transcribed when is therefore essential for controlling, manipulating and designing a yeast cell factory for recombinant protein production. While initial studies focused just on some genes or used heterologous microarrays (Sauer et al. 2004) , publication of the genome sequences enabled the study of transcriptional regulation patterns of the whole genome. To this end, specific microarrays designed for P. pastoris were used, and have recently been complemented by the next generation sequencing method of RNA sequencing (Graf et al. 2008; Liang et al. 2012) .
Recombinant protein production usually depends on high transcription levels of the protein of interest. Therefore, the genes of interest are mostly expressed under control of strong constitutive or methanol-inducible promoters (Weinhandl et al. 2014) . Additionally, productivity can easily be improved by increasing the gene copy number of the protein of interest independent of the promoter system used (Vassileva et al. 2001; Mansur et al. 2005) . However, an optimal gene copy number seems to exist for each recombinant protein (Marx et al. 2009 ). The reason for a decline in productivity upon increasing the copy number might be a limitation in protein folding and secretion . The transcriptional responses elicited by production of recombinant proteins were studied for a selection of different proteins. In most cases, these were difficult to produce proteins, where the aim was to understand the bottleneck or limitations of a specific strain or production process (Sauer et al. 2004; Baumann et al. 2010; Dragosits et al. 2010; Hesketh et al. 2013; Vogl et al. 2014b; Edward-Jones et al. 2015; Aw, Barton and Leak 2017; Camara et al. 2017) . The impact of protein production in P. pastoris was investigated for the first time by microarray analysis of a recombinant trypsinogen secreting P. pastoris strain as compared to a non-expressing strain, both cultivated in methanol-induced fed-batch cultivations (Sauer et al. 2004; Gasser et al. 2007b) . The study allowed identification of 524 significantly regulated genes and provided an important picture of how the cells natively adapt to the additional stress of recombinant protein synthesis and secretion. Among others, induction of the unfolded protein response (UPR) was observed in the recombinant strain, a stress response pathway associated with folding and secretion overload. A recent study compared nine different trypsinogen-producing transformants grown in shake flasks. No specific traits of high and low production strains could be identified on the transcriptome level (Aw, Barton and Leak 2017) . Interestingly, a limitation may also occur at the translational (Edwards-Jones et al. 2015) or transcriptional level (Camara et al. 2017) . In the latter study, the transcriptomic analyses of strains producing Rhizopus oryzae lipase (ROL) under control of P AOX1 with different gene copy numbers revealed a possible titration effect of a transcription factor regulating methanol utilization genes including AOX1, alongside an attenuation of the methanol metabolism and peroxisome biogenesis. A benefit of methanol-grown cells, however, is that, despite their lower growth rates, translation is higher than when glycerol or glucose is utilized as the carbon source (Prielhofer et al. 2015) . This is also supported by the higher total protein concentration per biomass (Russmayer et al. 2015a) . This profile of lower growth in the production phase yet increased protein synthesis matches the required profile of a cell factory.
An ideal production process involves a phase of rapid growth followed by a production phase of minimal growth. Thus, it is interesting to investigate the interrelation between growth rate and specific productivity at the gene expression level. Using transcriptomics data, Rebnegger et al. (2014) observed an increase of translation-related genes and a decrease in proteolytic processes with increasing growth rate in glucose-limited chemostats. As a consequence, specific protein secretion rate was observed to decrease with decreasing specific growth rate. In a study exploring the role of the cell cycle on the link between protein production and growth rate, a strain overexpressing CLB2, encoding a B-type cyclin, was constructed (Buchetics et al. 2011) . Cell cycle distribution in the engineered strain was shifted towards G2 and mitosis phases, which enabled a 1.3-fold increase in antibody fragment secretion at low growth rates.
Membrane proteins represent an especially difficult product as they are not secreted and perturb membrane homeostasis in the cell (Guerfal et al. 2010) . To understand the cellular response and to identify engineering targets, transcriptomes of P. pastoris producing different classes of membrane proteins were analyzed (Vogl et al. 2014b) . The effects on cellular regulation mainly depended on the localization of the overexpressed membrane protein. If the membrane protein was targeted to the inner mitochondrial membrane, energy metabolism was altered, whereas the UPR was triggered when the membrane protein was targeted to the endoplasmic reticulum (ER). Notably, coexpression of HAC1 i (activated, spliced variant of the HAC1 gene encoding the UPR transcriptional activator) (Guerfal et al. 2010) could improve the yields of ER resident membrane proteins 1.5-fold to 2.1-fold. Furthermore, transcriptomics has been used to characterize already engineered strains created by overexpression of transcription factors, namely Aft1 (Ruth et al. 2014) , Yap1 (Delic et al. 2014b ) and Hac1 (Graf et al. 2008; Vogl et al. 2014b) . The great majority of currently available transcriptomic data has been obtained from microarrays. However, some studies have already taken advantage of the next generation RNA sequencing (RNA-Seq) technology to characterize global gene regulation in P. pastoris. The first transcriptomic studies using RNASeq revealed the first internal ribosome entry sites in P. pastoris (Liang et al. 2012) and suggested a possible role for untranslated RNA molecules in regulating gene action in response to the production of misfolded proteins (Hesketh et al. 2013) . The latter report also provided evidence of constitutive HAC1 mRNA splicing under different growth conditions and detrimental stress responses during repeated methanol feeds. Finally, RNA-Seq data was used to significantly improve the percentage of annotated open reading frames (ORFs) from 48% to 73% (Valli et al. 2016 ).
Proteomics
The proteome portrays the functional picture of information conveyed by the transcriptome. Capturing this picture of the proteome by means of proteomics methods is therefore essential for complementing transcriptomic data and understanding the system as a whole.
The first proteomes of P. pastoris were assessed from cells grown in glucose-limited chemostats at a fixed specific growth rate at three different cultivation temperatures ). The specific productivity of an antibody fragment was 3-fold higher at 20
• C compared to 30
• C. Interestingly, the expression of folding chaperones was decreased at lower temperatures and proteolytic activity did not change, thus challenging previous assumptions that the increase in productivity was related to proteolytic activity. The secretome also seems to be influenced by the cultivation temperature, as more host proteins were found in the supernatant at 30
• C cultivations than at 25
• C of methanol-induced cultures (Huang et al. 2011) . Furthermore, methanol-grown cultures exhibited higher concentrations of native proteins in the supernatant than glucosegrown cultures (Mattanovich et al. 2009 ). However, in general the secretion of native proteins was very low, which is another major advantage of recombinant protein production in P. pastoris. Proteomic investigations not related to protein production also provided vital knowledge about the biological system. Of utmost interest is the secretory pathway, which was approached by investigating the proteomic composition of the secretory organelles (Klug et al. 2014) . Verification of the protein localizations is crucial as they were previously merely based on sequence homology to S. cerevisiae proteins. Moreover, even proteins which are not present in S. cerevisiae, such as the subunits of respiratory complex I (NADH:quinone oxidoreductase), could be identified and characterized by proteomics approaches (Bridges et al. 2009; Bridges, Fearnley and Hirst 2010) .
Another investigated hotspot is the methanol utilization (MUT) pathway, where proteomics helped to better understand which processes are truly active in methanol-grown cells. The first quantitative proteomic analysis of methanol metabolism revealed evidence for the action of the malate-aspartate NADH shuttle (Austin et al. 2011) . This transports cytosolically produced electrons of NADH from the methanol dissimilation pathway into the mitochondria to generate ATP.
Methanol cultivations usually lead to the highest productivities. Therefore, a proteome study was conducted on the timedependent physiological response to methanol-induced highlevel production of the hepatitis B virus surface antigen (Vanz et al. 2012) . Processes upregulated in the methanol fed-batch phase included the oxidative stress response, induction of the UPR (with Pdi1 as most prominent indicator), a cytosolic chaperone (Hsp104) and an ER-associated degradation (ERAD)-related AAA ATPase (Cdc48). Autophagic processes, on the other hand, were mainly related to peroxisome generation and not to hepatitis B virus surface antigen deposits.
Also, xylanase A triggered the UPR ). Therefore, HAC1 i was co-overexpressed, which decreased protein synthesis and increased ER protein folding. The quantitative proteomic data was further verified by quantitative PCR analysis, suggesting that less abundant proteins also had lower transcript levels. This further supports the notion that regulation occurs at the transcriptional rather than at a translational level (Prielhofer et al. 2015) . Interestingly, a downregulation of the UPR was also observed after the shift from glycerol to methanol in fedbatch processes. A proteomic study observed a high constitutive induction of the UPR and ERAD pathways in the pre-induction glycerol batch, independent of the production of recombinant protein (Vanz, Nimtz and Rinas 2014) . Furthermore, the interactome of an antibody fragment was studied (Pfeffer et al. 2012) . Many proteasome-associated proteins were identified and partial inhibition of the proteasome resulted in a significant increase in antibody fragment secretion. In a complementary study, it could be shown that the majority of the recombinant protein (58%) was actually degraded within the cell instead of being secreted (Pfeffer et al. 2011) , thus suggesting that proteasomal-and ER-associated degradation could be a promising target for strain engineering.
Metabolomics and metabolic flux analysis
Metabolomics aims at the comprehensive quantitative analysis of the metabolites synthesized by a biological system (Fiehn 2002) . In the context of P. pastoris biotechnology, most analyses have focused on metabolites associated with specific pathways of interest, an approach known as metabolite profiling (Goodacre et al. 2004) . Major techniques developed for this purpose include gas chromatography with mass spectrometry (GC-MS) of derivatized metabolites, direct nuclear magnetic resonance (NMR) of complex mixtures and liquid chromatography coupled with mass spectrometry (LC-MS) (Goodacre et al. 2004) . In particular, intracellular metabolite quantification for P. pastoris has benefited from advances in internal standards (Neubauer et al. 2012; Haberhauer-Troyer et al. 2013) , improved protocols on cell quenching and filtration (Tredwell et al. 2011; Carnicer et al. 2012a; Russmayer et al. 2015b; ) and specialized analytical methods (Klavins et al. 2014; Mairinger et al. 2015; Guo et al. 2016) .
Quantitative analysis of intracellular free amino acids of P. pastoris has been used to study the metabolic impact of assimilation of methanol as a carbon source (Russmayer et al. 2015a ) and of oxygen availability in glucose-limited chemostat cultivations (Carnicer et al. 2012b) . Measured variations of free amino acid concentrations were found to correlate with changes in the cellular proteome. Also, recombinant protein production resulted in a reduced concentration of energy costly amino acids in an oxygen-dependent manner. A further application of metabolite profiling identified isoleucine, aspartate and arabitol as potential markers for UPR using NMR (Tredwell et al. 2017) .
Expanding on the static picture provided by the metabolome, 13 C-metabolic flux analysis (MFA) aims to quantify in vivo reactions rates (i.e. metabolic fluxes) within a metabolic network (Wiechert 2001) . The metabolic flux distribution represents the integrated output of protein-metabolite networks (Sauer 2006) , thus providing a valuable source of information for systems biology and metabolic engineering. In order to quantify pathway activity, cells are grown on 13 C labeled substrates and isotope patterns are measured by MS or NMR. Finally, information on extracellular rates and biomass composition are combined in a metabolic model to computationally infer intracellular fluxes (Sauer 2006) . The metabolic response of P. pastoris to protein production on different media and growth conditions has been extensively studied using 13 C-MFA (Ferrer and Albiol 2014) . First systematic studies estimated intracellular flux distributions using 13 C labeling of proteinogenic amino acids, which were measured by NMR or GC-MS/MS. Using this technique, significant impacts of growth rate and different carbon sources (glycerol, glucose and methanol) on the central carbon metabolism were observed (Sola et al. 2004 (Sola et al. , 2007 Jordà et al. 2012 Jordà et al. , 2014a . Further studies on the metabolic response of P. pastoris to protein production revealed increased activity of the tricarboxylic acid (TCA) cycle (Heyland et al. 2011) , increased glycolysis and methanol dissimilation (Jordà et al. 2012) , as well as reduced growth-rate and byproduct formation (Heyland et al. 2011 ). The metabolic effect of feeding a mixture of sorbitol and methanol in fed-batch cultivations was investigated by dynamic flux balance analysis (Celik, Calik and Oliver 2010; Calik et al. 2011) . In this approach, extracellular fluxes were measured at different time points and used as constraints in a metabolic model. Finally, the model was solved by minimization of the protein secretion rate. In this case, the analysis resulted in an improved feeding strategy for higher methanol assimilation (Calik et al. 2011) . Jorda et al. (2013) introduced the use of instationary 13 C-MFA and metabolomics to obtain a complete flux distribution from a medium-scale (79 reactions) metabolic model of P. pastoris. This experiment provided deep insights into cofactor generation and consumption, thermodynamic efficiency and reversibility of central metabolic reactions, as well as the buffering capacity of key metabolites by converting amino acids pools. A subsequent study using this approach validated previous findings on the higher energy and redox demand of protein producing strains. It also revealed a possible role of trehalose on stress response (Jorda et al. 2014b) , which has been also observed in retentostat experiments (Rebnegger et al. 2016) . Compared with previous studies, the use of intracellular amino acids and sugar pools instead of proteinogenic amino acids enabled shorter experiments and estimation of metabolite turnover rates. Nie et al. (2014) applied this technique to compare two strains with a 4-fold difference in productivity of recombinant ß-galactosidase. Owing to protein production, maximum specific growth rate and glucose uptake decreased by 10% and 22%, respectively. Fluxes through pentose phosphate pathway and glycolysis increased whereas by-product formation decreased, resulting in higher energy and NADPH generation. A second study on the same strains observed a 32% increase in protein productivity after the addition of glutamate to the medium . Intracellular pools of amino acids that were reduced in the overproducing strain were restored to levels even higher than the control strain, thus providing evidence for the limitation of amino acid synthesis on protein production. Moreover, the improved amino acid supply freed up resources for higher NADH and ATP regeneration. On the contrary, NADPH supply was reduced, supporting the idea that the pentose phosphate pathway might be upregulated in response to the high demand of reducing power and precursors for amino acids biosynthesis.
Metabolic modeling
Genome-scale metabolic models (GEMs) provide a tool for predicting metabolic phenotypes from the genomic information. After initial genome sequencing of P. pastoris, multiple constraint-based metabolic reconstructions became available. The first GEM, PpaMBEL1254, was published in 2010 (Sohn et al. 2010) . It contained information on 540 metabolic genes from the strain DSMZ70382, 1254 reactions and eight subcellular compartments: cytoplasm, ER, Golgi apparatus, mitochondria, nucleus, peroxisome and vacuole (Sohn et al. 2010) . Around the same time, Chung et al. (2010) published the model iPP668, with information on 668 genes from the strain GS115, 1362 metabolic reactions and the same compartments as PpaMBEL1254. PpaM-BEL1254 was found to predict 9.4% of the metabolic genes as essential and correctly reproduced the effect of oxygen limitation on growth rate for two model proteins. Similarly, iPP668 was found consistent with chemostat data using glucose and glycerol-methanol mixtures as carbon sources. Moreover, it correctly predicted the positive effect of sorbitol for amino acid synthesis and the high NADH turnover when using methanol as a substrate.
In 2012, the GEM iLC915 containing 1423 reactions, 899 metabolites and seven compartments was published (Caspeta et al. 2012 ). Evaluation of model predictions found good agreement with experimental data. Given the improved gene coverage of iLC915 (17.2% of annotated genes), more genes (12%) were found to be essential in silico than in previous models. Irani et al. (2016) curated the model iLC915 and included native and human N-glycosylation capabilities to create the GEM ihGlycopastoris. By accounting for N-glycosylation of different model proteins, it was possible to reduce the overestimation of protein synthesis, especially for small and highly glycosylated proteins. Eskitoros, Ata and Ç alık (2017) also studied the impact of glycosylation on the prediction of flux distributions using a medium-scale model.
An integration of the GEMs iPP668, PpaMBEL1254 and iLC915 into the model iMT1026 was published in 2016 (TomasGamisans, Ferrer and Albiol 2016). The model included 1026 genes, 2035 reactions and the mitochondrial intermembrane space as a new compartment. Pathways in the fatty acid metabolism, sphingolipid synthesis, GPI-anchor biosynthesis, N-glycosylation as well as the proton stoichiometry in oxidative phosphorylation were curated. Also, missing complexes in the electron transport chain were integrated. The resulting model predicted more accurately growth rate and by-product formation than previous models.
Recently, a dynamic GEM based on a curated version of the iPP668 model was also published (Saitua et al. 2017) . The model enabled investigation of fluxes during batch and fed-batch cultivations by dynamic flux balance analysis. An optimal feeding strategy, as well as a gene deletion improving human serum albumin production, was predicted to test model capabilities. Similarly, stoichiometric models of P. pastoris have been applied for process control under scarce or imprecise data (Tortajada et al. 2010) , as well as for process optimization (Barrigon, Valero and Montesinos 2015) .
Integrated omics analyses combining several layers
Systems biology is defined as the quantitative analysis of biological systems on different cellular levels, following a holistic approach ). By using high-throughput technologies such as genome, transcriptome, proteome, metabolome and fluxome analysis, in combination with advanced mathematical modeling tools, it aims to study the interactions between the components of biological systems. However, when looking at the studies conducted in P. pastoris, mostly just one layer of regulation was investigated, and there are only a few reports which were truly 'multi-omics' analyses or combinations of different omics approaches (simultaneous or in a stepwise manner). Interestingly, most of the multi-omics studies focused on the physiological reactions of P. pastoris to different environmental conditions rather than on elucidating the response triggered by recombinant protein production.
The responses of recombinant Fab producing and control P. pastoris strains to oxygen limitations and hypoxic conditions in glucose-limited chemostat cultivations were studied on several cellular layers over the last 10 years. These studies are a good example of how stepwise integration of omics technologies delivered mechanistic insights and advanced our understanding of why cultivation of P. pastoris at lower oxygen concentrations resulted in increased production of secretory proteins under control of P GAP in glucose-based chemostats and fed-batch cultures (Baumann et al. 2008) . Initial transcriptome and proteome studies revealed that P. pastoris responds to oxygen limitation by upregulation of glycolysis, amino acid metabolism and general stress response, while TCA cycle activities were downregulated despite the fixed growth rate (Baumann et al. 2010) . Upregulation of glycolytic genes and consequently higher mRNA levels of the recombinant Fab, expressed under control of the glycolytic P GAP promoter, was identified as one factor explaining higher productivity in hypoxic conditions. In addition, alterations in the lipid metabolism were detected, which may lead to changed fluidity of the plasma membrane. These changes in the sterol-sphingolipid balance were thought to be associated with the higher secretory potential of the cells. Genes and proteins involved in oxidative stress response were upregulated at conditions of higher Fab secretion, which was also observed for chaperones. However, induction of the latter can be explained by the altered lipid biosynthesis which, in turn, leads to activation of the UPR and thus to increased transcription of chaperones (Baumann et al. 2010) . The anticipated changes in lipid composition upon oxygen limitation in glucose-limited chemostats were recently confirmed by a comprehensive lipidomics study (Adelantado et al. 2017) .
Even though many of the observed changes were triggered by lowered oxygen availability rather than being a consequence of heterologous protein production, they had a major impact on productivity and secretion. For example, the effect of hypoxia on ergosterol biosynthesis (Carnicer et al. 2009; Baumann et al. 2010) was mimicked by addition of the inhibitory substance fluconazole, which also led to a reduction in sterol content and a correlating increase in Fab secretion (Baumann et al. 2011) .
Interestingly, analysis of the oxygen data revealed a high correlation of transcript levels with proteome and flux data for glycolysis (upregulated) and TCA cycle (downregulated) components (Baumann et al. 2010) . This correlation was subsequently also confirmed at the level of free intracellular metabolites (Carnicer et al. 2012b) . A high degree of correlation between transcriptome and proteome data was also observed by Russmayer et al. (2015a) , suggesting that transcriptional regulation of metabolic enzymes is prevalent in P. pastoris. However, looking at the transcriptome alone may not be enough to understand all the changes occurring in cell metabolism.
Quantitative measurement of the free intracellular metabolite pools clarified that the observed gene regulation patterns of amino acid metabolism in oxygen-limited conditions negatively correlated with the response of free amino acid levels and fluxes through those reactions (Carnicer et al. 2012b ). Both free amino acid pools and total cellular (proteinogenic) amino acid abundances were more responsive to different oxygenation levels than to Fab production, while recombinant protein production mainly impacted amino acids based on their energy costs, a regulatory logic already reported previously by Heyland et al. (2011) .
This comprehensive examination also led to the first determination of the macromolecular and elemental composition of P. pastoris (Carnicer et al. 2009 ), as well as to an update of the GEM with reactions of the lipid and energy metabolism (TomasGamisans, Ferrer and Albiol 2016) . Taken together, all these data highlight that oxygen availability (and also other environmental conditions such as temperature or osmolarity) had a major impact on cell physiology and cellular regulation patterns. In contrast, there was not much regulation triggered by the recombinant product itself under the conditions studied (Carnicer et al. 2009 (Carnicer et al. , 2012b Dragosits et al. 2009 Dragosits et al. , 2010 Baumann et al. 2010; Adelantado et al. 2017) , even though the antibody Fab fragment is a rather complex protein.
Apart from strain producing the antibody Fab fragment under control of P GAP , only the production of ROL was studied using multi-omics approaches. ROL was produced under control of P AOX1 , and the strains were cultivated in chemostats with methanol/glycerol or methanol/glucose co-feed. The impact of ROL on the P. pastoris central carbon metabolism included a redistribution of carbon fluxes towards increased glycolysis, TCA cycle and NADH regeneration fluxes, as well as higher methanol dissimilation rates (Jordà et al. 2012 (Jordà et al. , 2014a ). This and the lower biomass yield were considered to be an indication of metabolic burden by ROL production. Furthermore, accumulation of trehalose was observed in the ROL-producing strain (Jorda et al. 2014b) . Especially in multicopy ROL-producing strains, a strong downregulation of methanol metabolism and peroxisome biogenesis was apparent, which also correlated to decreased methanol uptake rates. Again, an impact on the fatty acid metabolism was observed by transcriptomics analysis, in particular in the high copy number strains (Camara et al. 2017) . Although ROL was previously shown to induce the UPR in fed-batch cultivations (Resina et al. 2007) , only limited reactions related to folding and secretion stress were observed in chemostats with glycerol/methanol co-feeding (Camara et al. 2017) . The same holds true for the Fab-producing strains analyzed in the environmental stress studies, which showed clear UPR induction in glucose-limited fed-batch but not in chemostat cultivations, indicating that the cultivation conditions have a severe impact on how the cells react to additional burden of heterologous protein production. Finally, the systems-level response of P. pastoris to the use of methanol as a carbon source was studied by a combination of several 'omics' technologies in a single study (Russmayer et al. 2015a ). An overview is given in Fig. 2 . Cell physiology was generally characterized by a high protein production state, driven by the massive synthesis of enzymes for methanol catabolism. As a consequence, the protein translation machinery was upregulated on the proteome level, leading to the depletion of free amino acids, despite the upregulation of their synthesis pathways. Interestingly, the resulting flux distribution in the central carbon metabolism allowed a high flux through the pentose phosphate pathway, thus not only increasing the supply of reduced NADPH but also facilitating the synthesis of vitamins. In particular, pathways of riboflavin and thiamine synthesis were upregulated to produce the coenzymes required for methanol assimilation. Remarkably, the combination of regulatory changes observed by proteomics, metabolomics and transcriptomics provided strong evidence that methanol assimilation is performed entirely in the peroxisomes by a set of paralogous enzymes. Targeted application of subcellular proteomics and metabolomics then confirmed the peroxisomal localization of these enzymes (Fba1-2, Rpe1-2, Rki1-2 and Shb17), as well as the occurrence of the intermediate sedoheptulose-1,7-bisphosphate in methanol-grown cells, thereby verifying the presence of a dedicated and compartmentalized xylulosemonophosphate (XuMP) cycle (Fig. 3) . The reactions and compartmentalization of the XuMP cycle were also integrated in the consolidated genome-scale model iMT1026 (Tomas-Gamisans, Ferrer and Albiol 2016) , showing that the findings of omics studies advance the accuracy of GEMs. 
SYSTEMS BIOLOGY BASED STRAIN ENGINEERING FOR ENHANCED PROTEIN PRODUCTION
Synthetic biology toolbox for rapid strain generation and improvement of Pichia pastoris
Transcriptomics, proteomics, metabolomics and, ideally, the combination of all these information levels allow us to gain an all-encompassing picture of the biological system P. pastoris. This picture assists in identifying engineering targets to increase recombinant protein production. A major advantage of P. pastoris and yeast in general is the great variety of applicable molecular biological tools, which have been developed during the last decades. Thus, extensive cell engineering to create a designer cell factory is theoretically already possible. Promoters are a key factor in production hosts and in strain engineering as they define gene expression levels (Mattanovich et al. 2012; Weinhandl et al. 2014; Vogl et al. 2016) . A special type are bidirectional promoters, which are short DNA sequences driving gene expression in both directions (Geier et al. 2015) . Promoter sequences can also be used to change the expression levels of native genes, i.e. create conditional mutants by replacing the native promoter (Delic, Mattanovich and Gasser 2013a) . Transcriptomics data can be used to deduce promoters with the desired regulatory properties (e.g. strong expression, easily regulatable). For instance, transcriptional regulation patterns obtained from cells grown under different conditions have enabled the identification of promoters with the desired characteristics for recombinant protein production: repression during the growth phase and activation during the production phase (Hartner et al. 2008; Stadlmayr et al. 2010; Gasser, Steiger and Mattanovich 2015; Redden, Morse and Alper 2015; Vogl et al. 2016) . Similarly, P THI11 , the first regulated promoter independent of the main nutritional components such as carbon and nitrogen, has been identified, alongside other repressible promoters (Landes et al. 2016) . This extended set of promoters could be used, for example, to fine-tune multigene coexpressions or synthetic biology applications (Vogl et al. 2016) .
Recently, advanced cloning techniques such as Golden Gate assembly (Engler et al. 2009; Werner et al. 2012) or Gibson assembly (Gibson et al. 2009 ) have been adapted for P. pastoris and applied to facilitate generation of production strains. They enable rapid combination of different promoters, secretion signals and transcription terminators (Weninger et al. 2016; Obst, Lu and Sieber 2017; Prielhofer et al. submitted; Schreiber et al. 2017) . Furthermore, these techniques provide an attractive solution for rapid strain engineering approaches, and were used to determine the optimal setup for CRISPR/Cas9 in P. pastoris (Prielhofer et al. submitted; Weninger et al. 2016) .
In many cases, the chosen strategy for improving a production strain involves overexpressing a set of chosen genes. Generally, overexpression of a single helper gene already leads to an increase in the secretion of the recombinant protein (Delic et al. 2014b) . This is routinely done by integrating an additional gene copy under the control of a strong promoter. For instance, the secretion of an antibody fragment could be improved by overexpressing genes, which were already upregulated in the proteinproducing strains (Gasser et al. 2007b) .
If more than one gene is intended to be overexpressed, this usually involves subsequent transformations with vectors containing different selection markers, possibly requiring marker recycling steps in between. As the procedure is time consuming and laborious, usually not more than two factors were combined in one strain. Alternatively, multiple expression cassettes can be assembled in a modular way. The Golden Gate assembly was recently adapted for strain engineering of P. pastoris, allowing combination of at least five expression cassettes on one plasmid. This work resulted in establishing the GoldenPiCS toolbox containing suitable promoters, terminators and integration loci (Prielhofer et al. submitted) . Gibson assembly is another approach, allowing rapid and scarless cloning (Gibson et al. 2009 ), but with the drawback that for each assembly the fragments need to be PCR-amplified with customized overhangs. The modular assembly of expression cassettes allows a combinatorial cell engineering approach. Vogl et al. (2015) provided early examples for the application of this modular approach. They observed an up to 31-fold difference in volumetric activity in the culture supernatant, when assessing secretory expression of HRP fused to different epitope tags and fusion proteins. Schreiber et al. (2017) and Obst, Lu and Sieber (2017) used the assembly to optimize their genetic construct for protein secretion mainly by varying the promoter and secretion signal. Ata et al. (2017) used the GoldenPiCS system to assemble and investigate promoter variants.
In addition to the commonly used genomic integration (Cregg, Vedvick and Raschke 1993) , an episomal vector was constructed using an autonomously replicating sequence from Kluyveromyces lactis (Camattari et al. 2016) . The vector enabled the overexpression of genetic constructs with low interclonal variability. Moreover, in vivo assembly of DNA fragments using overlapping regions has been demonstrated and might facilitate high-throughput construction of an expression system (Mizutani et al. 2011) .
Finally, the creation of gene knockouts or replacements can be performed using split-marker cassettes or the CRISPR/Cas9 system Weninger et al. 2016) . The CRISPR/Cas9 system allows marker-less genome engineering and the creation of multiple simultaneous knockouts in P. pastoris.
Enhanced protein folding and secretion
Components of the secretory pathway are often identified as the target for strain engineering after gaining knowledge from omics analyses. An example for this workflow is a transcriptomic study of P. pastoris, which identified significantly regulated genes in a strain overexpressing human trypsinogen versus that of a nonexpressing strain in a methanol fed batch (Gasser et al. 2007b) . The identified factors were chosen for an overexpression construct and were also able to increase secretion of a Fab fragment in glucose-based fed-batch cultivations, indicating general bottlenecks in the secretory pathway. The majority of work focused on overexpressing factors involved in protein folding, such as chaperones or disulfide isomerases (reviewed by Delic et al. 2014a; Puxbaum, Mattanovich and Gasser 2015) . The central transcription factor for chaperones in the ER is Hac1, which induces the UPR. Overexpression of the induced variant of this transcription factor increased the yields of recombinant proteins significantly (Gasser et al. 2006; Guerfal et al. 2010) . Interestingly, the overexpression of the ER resident disulfide bond isomerase Pdi1 improved production of antibody fragments even more than Hac1 overexpression (Gasser et al. 2006) . It also increased secretion of a recombinant potential vaccine candidate in a dose-dependent manner (Inan et al. 2006) . Extensive disulfide bond formation in the ER causes oxidative stress (Delic et al. 2012) . Overexpression of the transcription factor Yap1, regulating the transcriptional response to oxidative stress, reduced oxidative stress levels and significantly increased trypsinogen secretion (Delic et al. 2014b) .
Secretion signals are needed for targeting the recombinant proteins into the secretory pathway. The S. cerevisiae α-mating factor (MFα) prepro-peptide is still the most commonly used signal sequence (Lin-Cereghino et al. 2013) . Proteomics analysis of the P. pastoris secretome revealed Epx1 as the most abundant secretory protein (Heiss et al. 2013) . From this Epx1 secretion signal, variants were constructed and they proved to be even more efficient than the commonly used secretion leaders (Heiss et al. 2015) . Other signal sequences were determined in silico from analyzing P. pastoris' secretome (Massahi and Calik 2015) . A selection thereof was tested and successfully secreted the recombinant protein, but slightly less efficiently than the MFα signal sequence (Massahi and Calik 2016) .
Another possible major branch-off on the secretory pathway towards degradation is the ERAD system. ERAD is thought to be linked to the UPR (Friedlander et al. 2000) which, in turn, is triggered by the high expression of secretory recombinant protein (Mattanovich et al. 2004; Sha et al. 2013) . Both ERAD components and vacuolar proteins were identified as intracellular interaction partners of a recombinant Fab fragment in the interactome study (Pfeffer et al. 2012) . In ERAD, the final step is proteasomal degradation; its significance was shown and the amount of antibody fragment lost in this way was determined to be 58% (Pfeffer et al. 2011) . On the other hand, the inhibition of vacuolar protein targeting (using either a selective mutation of the sorting receptor Vps10 or cells disrupted in the CORVET vacuole tethering pathway) was able to suppress mistargeting of the recombinant protein to the vacuole and boosted secretion efficiency (Fitzgerald and Glick 2014; Marsalek et al. 2017) .
The final step on the secretory pathway is the exocytotic fusion of secretory vesicles with the plasma membrane and the diffusion of the recombinant protein through the cell wall. The cell wall may or may not be a barrier (De Nobel and Barnett 1991) . The multi-omics study investigating hypoxic cultivation conditions on glucose identified ergosterol depletion, which in turn hampers Gas1 incorporation into the cell wall (Baumann et al. 2011) . This may affect the cell wall in a similar way as GAS1 knockout strains (Marx et al. 2006) . Gas1 highly affects the structure and permeability of the yeast cell wall. The knockout had a positive effect on lipase secretion (Marx et al. 2006) .
Engineering of metabolism
Recombinant protein production is an energy and redoxintensive process. To cope with the metabolic burden of protein overexpression, significant metabolic rearrangements have been observed in protein-producing strains of P. pastoris. In particular, cell metabolism adapts to increase the supply of ATP, NADH and NADPH while reducing by-product formation (Heyland et al. 2011; Nie et al. 2014; Nocon et al. 2014) . However, this metabolic plasticity is limited. Thus, the available cofactors and precursors can become insufficient, leading to depletion of the intracellular pools of nucleotides, tRNAs and amino acids (Klein, Niklas and Heinzle 2015; Liu et al. 2016) . Protein secretion further drains precursors and energy from the central carbon metabolism (Klein, Niklas and Heinzle 2015) . Proper folding and disulfide bond formation in the ER consumes ATP and NADPH molecules. Excessive protein misfolding can activate the UPR, which demands further energy for chaperone activity. Also, protein glycosylation requires the synthesis of expensive nucleotide-activated sugars. Finally, synthesis of the secretory machinery drains acetyl-CoA and NADPH from the cytoplasm, and protein transportation itself consumes energy in the form of GTP.
In order to meet these demands, the central carbon metabolism can be modified towards an optimal metabolic flux distribution. Although this approach is still an emerging field within the systems biotechnology of P. pastoris and yeasts in general, some interesting examples can already be mentioned. Using a GEM of P. pastoris, genetic engineering targets increasing the synthesis of human superoxide dismutase were identified (Nocon et al. 2014) . Genes to be overexpressed encoded enzymes in the pentose phosphate pathway, TCA cycle and glutamate metabolism, whereas gene deletions were found in by-product pathways. Most of the tested predictions improved intracellular protein production in shake flask cultivations, using glucose as a carbon source. In particular, combinatorial overexpression of enzymes in the pentose phosphate pathway enabled a higher flux through the oxidative part of the pathway, which resulted in a 3.8-fold increase in protein production (Nocon et al. 2016) . Overexpression of mitochondrial malate dehydrogenase also resulted in a significant increase in protein production as well as reduced fermentation products. In this case, a higher metabolic flux was diverted through the TCA cycle, possibly increasing the supply of ATP. Gene deletions on fermentation pathways resulted in improved protein production except for the deletion of ALD4, which generated a metabolic overflow towards ethanol production (Nocon et al. 2014 ).
Further metabolic engineering strategies beyond the central carbon metabolism could also benefit protein production in P. pastoris. By using a kinetic model of the methanol dissimilation pathway, formaldehyde dehydrogenase (FLD) was identified as the flux controlling step. As expected, FLD overexpression resulted in a higher NADH regeneration capacity, which could be exploited for protein production under the AOX1 promoter (Schroer et al. 2010) . Similarly, a biotin-prototrophic strain of P. pastoris was constructed by expression of enzymes missing in the biosynthesis pathway of biotin (Gasser, Dragosits and Mattanovich 2010) . The strain was able to grow on a minimal medium without vitamins, which could reduce the batch to batch variability and costs of the medium.
Protein production can be limited by factors beyond the metabolic burden. Depending on the growth conditions, protein overexpression reduces growth rate via a transcriptional or translational burden (Kafri et al. 2016) . For S. cerevisiae growing in rich medium, the reduced growth was explained by a limitation in translation initiation. Possibly, the highly abundant transcripts of the recombinant protein compete for limited ribosomes that would otherwise translate endogenous proteins (Kafri et al. 2016) . Thus, even in the favorable metabolic state provided by cultivation in a rich medium, a limited translational machinery guarantees a trade-off between growth rate and heterologous protein production.
Process engineering based on systems biology
So far, systems biology has mainly supported process engineering by providing mechanistic explanations of the effect of process variables on cell factory performance. Several process parameters affecting protein production in P. pastoris have been studied. Among the environmental factors, pH, osmolarity, oxygen availability and temperature appear to be particularly important (Mattanovich et al. 2004) . Recently, Burgard et al. (2017) applied transcriptomics of P. pastoris cells grown in glucoseor methanol-limited fed-batch cultivations to identify marker genes for macronutrient limitation, and subsequent media optimization.
Regarding the optimal temperature, lowering the cultivation temperature from 30
• C or 25 • C to 20
• C led to a 3-fold increase in specific productivity of two different secreted Fab antibody fragments in glucose-based bioreactor cultivations (Gasser et al. 2007a; Dragosits et al. 2009 Dragosits et al. , 2011 . Even though there was a remarkable rearrangement of several metabolic enzymes in the central carbon and amino acid metabolism, the benefit of the reduced temperature was mainly attributed to reduced cell and folding stress at the low temperature. The positive effect on Fab secretion was thus explained as a side effect of the lower cellular stress levels. On the other hand, genes involved in vesicular transport were shown to be upregulated in this condition, and may also contribute to higher secretion of heterologous proteins at the lower temperature (Gasser et al. 2007a) . Decreasing temperature was also shown to be beneficial for methanolgrown cells but, in this case, low temperature was reported to decrease cell lysis and thus the release of proteases (Jahic et al. 2003) .
Oxygen availability is another critical parameter for high cell density fermentations of P. pastoris. It typically limits fermentation scale-up because uneconomical oxygen transfer rates are required. Although usually normoxic conditions are applied during bioreactor cultivations, increased secretion capacity and preferred product quality are observed when cells are cultivated in hypoxic or oxygen-limited conditions (Baumann et al. 2008; Berdichevsky et al. 2011; Gunes and Calik 2016) . It should be noted that the biological consequences of oxygen availability are fundamentally different if cells are grown on methanol compared to glucose. Potential cellular mechanisms that correlate with increased productivity in glucose-based processes were already discussed above. Oxygen supply is even more critical during methanol-based production, as oxygen is a co-substrate of methanol oxidation and stoichiometrically linked to MUT by alcohol oxidase. No studies have yet been made to explain why oxygen limitation positively influences heterologous protein production in methanol-grown cells.
The use of methanol as a carbon source and inducer of protein production leads to high translational capacity, thus partially explaining the success of P. pastoris as an expression host (Prielhofer et al. 2015; Russmayer et al. 2015a) . In this respect, metabolomics studies and flux analyses suggested cellular mechanisms by which the use of mixed feeds of methanol and glycerol, glucose or sorbitol alleviates the metabolic burden derived from heterologous protein production (Celik, Calik and Oliver 2010) and increase productivity (Jungoand Marison 2007; Celik, Calik and Oliver 2009; Paulova et al. 2012) . However, methanol concentrations and feeding rates used for fed-batch cultivations must be carefully selected, particularly when using pure methanol as it has been shown to impact protein synthesis capabilities. High productivity of scFv productivity was observed at high methanol concentrations (up to 25 g/L), but autolysis and degradation also increased (Fujiki, Kumada and Kishimoto 2015) . Furthermore, a glycerol batch phase is typically used prior to the production phase with methanol as it has been found to be beneficial for recombinant protein production. The higher levels of UPR-related proteins in the glycerol batch seem to prepare the cells for effective secretion in the methanol induction phase (Vanz, Nimtz and Rinas 2014) . Similarly, in the usually applied batch media, cells face a hyperosmotic environment due to the initial high salt concentrations in the medium. Using systems-level analyses, it was shown that the UPR may also pre-condition P. pastoris to withstand high levels of extracellular osmolytes . Thus, certain environmental stimuli may elicit a cross-protective effect to a second stress situation in P. pastoris, a phenomena already known for other yeasts (Jamieson 1998) .
CONCLUSIONS AND OUTLOOK
Systems biotechnology of P. pastoris has seen significant progress over the last two decades. Driven by the advances in omics technologies, it has improved our understanding of P. pastoris as a host for protein production, and its genomic information and regulatory responses at the transcriptomic, proteomic, metabolomic and fluxomic levels. Transcriptomics studies, supported by whole cell proteomics analyses, showed that a high degree of gene regulation occurs already at the transcript level. Targeted proteomics proved very useful in elucidating the correct localization of several metabolic enzymes, including the peroxisomal localization of the methanol assimilation pathway. The development of technologies for metabolome quantification and fluxomics revealed metabolic adjustments to different media and the stress of protein production. Benefiting from the constantly improving genome annotation, several metabolic models have now been published, enabling the prediction of rational cell engineering targets. In particular, multiple successful engineering targets improving protein production have been identified in the central carbon metabolism, confirming the relevance of the metabolic responses observed in many of the reviewed studies.
Most omics studies so far have been conducted in chemostat cultures, which is not the preferred way of production process to date. Hence, there is a need to understand cellular responses occurring during fed-batch cultivation, moving beyond the phases of methanol induction and adaptation in early fed batch to truly understand the limitations occurring during a production process. On the other hand, continuous processing might be a promising alternative based on the observations made during the omics studies. Interestingly, several recombinant strains did not show strong activation of the UPR and other stress responses when cultivated in chemostat, while a clear UPR induction and related reactions were observed when they were cultivated in fed-batch mode. This points towards lower stress levels in continuously cultivated cells. Elucidating the cellular processes underlying this observation, as well as the genomic stability and adaptation of P. pastoris in long continuous cultures, would require further systems biology studies. Ideally, interpretation of data resulting from these studies should be followed up by confirmative experiments of the observed changes and, if possible, by experimental testing of the hypotheses developed.
In addition, process engineering could benefit from a systems biotechnology perspective. As exemplified by studies on the impact of oxygen, temperature or osmolarity on cell physiology, similar stress responses are triggered by different bioreactor parameter, which suggests the possibility of exploiting shared regulatory mechanisms to obtain strains that are robust against multiple environmental changes.
Furthermore, the design of optimal strains would require expanding our biological models to include kinetic parameters, compartment-specific measurements, regulatory networks and the secretory machinery. Integrating omics-derived large datasets into such comprehensive models would allow us to understand non-linear interactions between cellular components, as well as to identify complex combinations leading to improved production and reduced degradation of recombinant proteins. In the long term, in-depth understanding of the systems biology of P. pastoris could thus enable major cell reprogramming into a more robust and efficient secretory cell factory.
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